Recently a model has been developed capable of predicting absolute monomer concentrations and their ratios in the polymer, aqueous, and monomer droplet phases as a function of conversion in batch emulsion copolymerizations without using any adjustable parameters. In this article the sensitivity of model predictions of composition drift toward deviations of 10% in all model parameters (maximum swellabilities of monomer in the polymer phase, water solubilities, reactivity ratios, and monomer and polymer densities) was estimated using the monomer combination methyl methacrylate-styrene as an example. From the sensitivity analysis it can be concluded that the reactivity ratios are the most important parameters affecting composition drift. The effects of deviations in maximum swellabilities and monomer and polymer densities on composition drift can be neglected, while the water solubility is important only in those cases where the amount of monomer in the aqueous phase cannot be neglected as compared with the total monomer amount. 0 1994 John Wiley & Sons, Inc.
INTRODUCTION
The course of batch emulsion copolymerization reactions mainly depends on the reactivity ratios and on the monomer partitioning behavior of the two monomers between the various phases of the emulsion system. The use of emulsion copolymer models requires the knowledge of monomer concentrations within the particle phase, where reaction is assumed to take place. Based on monomer partitioning relationships, model development can be performed. For this purpose thermodynamic relations developed by Morton for emulsion homo-polymerizations were extended to emulsion copolymerization^.^*^^^,^ However, this approach involves many parameters of which the values are often not known. Furthermore, the physical significance of the interaction parameters used is rather vague since they include temperature-dependent enthalpic and temperatureindependent entropic effects; parameters that often depend on the polymer concentration. Recently, simplifications of generally accepted thermodynamic relationships have been developed by Maxwell et a1.6 for saturation swelling and by Noel et aL7 for partial swelling of particles by two monomers. The use of these new and simple relations is very convenient since they require only the homo-monomer saturation concentrations of the individual monomers in the aqueous phase (water solubility) and in the polymer phase (maximum swellability ) to be known. Note that the application of these relationships does not involve the use of interaction parameters. The use of the recently developed monomer partitioning relations is valid for all monomer systems that have equal monomer mol fractions in the polymer and droplet phases at saturation swelling. It has been shown experimentally 6, 7 and theoretically' that this condition is met for several monomer systems. Possible exceptions are monomers that do not swell their polymer and monomers that are fully miscible with water.
Based on these new relationships for monomer partitioning, combined with mass balance equations, model development was performed by Noel et al.' in order to predict batch emulsion copolymerization in terms of monomer mol fractions within the particle phase, hereafter referred to as composition drift, and absolute monomer concentrations as a function of conversion. This model is referred to as "the model" in the rest of this article. Assuming the formation of homogeneous particles, model predictions can be performed if the reactivity ratios, water solubilities, maximum swellabilities, monomer and polymer densities, and the recipe conditions (monomer amounts and water volume) are known. The model described by Noel et al? has been shown to give good agreement between theory and experiments9910 for the monomer combinations methyl acrylate-vinyl acetate and methyl acrylateindene.
It is of great importance to know the sensitivity of the model predictions to the various parameters used for model prediction. For this reason, this article investigates the effects of deviations in water solubilities, swellabilities, reactivity ratios, and monomer and polymer densities on the predicted course of emulsion copolymerization in terms of composition drift and absolute monomer concentrations. The effect on copolymer composition can be observed by studying the change in the monomer mol fraction in the polymer phase for different parameter values as a function of conversion. Note that any effects of model parameters on the monomer mol fraction in the polymer phase can be linked directly with copolymer composition by the wellknown instantaneous copolymer equation. 11, 12 In this article the sensitivity of model predictions, i.e., of composition drift and absolute monomer concentrations in the polymer phase, for deviations up to 10% in reactivity ratios, water solubilities, maximum swellabilities, and monomer and polymer densities was investigated using the monomer combination methyl methacrylate-styrene ( MMA-Sty ) as a model system. The MMA-Sty monomer system was selected since it has been the subject of several investigations, 13-22 resulting in many known parameters.
For model predictions of MMA-Sty, amongst others, the maximum swellability and water solubility need to be known. Comparing results of Nomura et al.,14 who found that the maximum swellabilities of Sty and MMA in the copolymer MMASty were independent of the copolymer composition at 50"C, with results of other investigators23924 indicates that maximum swellabilities are temperature independent in the range of 20-50°C. Based on these data we adopted for the present sensitivity analysis the following copolymer independent maximum swellabilities: [MMA] ,,,,, = 6.3 k 0.63 mol/L and [Sty],,,,t = 5.5 f 0.55 mol/L. All other model parameter values were either found in the literature or have been determined experimentally at 40" C by using densimetry for density values and gas chromatography analysis of monomer-saturated water for the determination of the water solubility of MMA. All standard parameters used for model predictions are listed in Table I . The accuracy of water solubility and maximum swellability values is approximately 10%. For common monomer systems (as MMA-Sty) of which the reactivity ratios have been determined several times by analysis of low conversion bulk or solution (in the absence of solvent effects) polymerization, the average error on the reactivity ratios is approximately 10%. Note that for other monomer systems these deviations may be larger due to a lack of experimental data. The error on the density values of monomer and polymer normally is approximately 1%. Since the 10% deviation in model parameters represents the estimated precision in most of the model parameters, this deviation is selected to investigate the sensitivity of model predictions for deviations in the model parameters (the total error is 20%; see Table I for standard parameters and Table I1 for deviating parameters). For convenience, this 10% deviation has been used for all model parameters that have been the subject of this sensitivity analysis.
RESULTS AND DISCUSSION
On behalf of the sensitivity analysis, a standard recipe was adopted for the model predictions of MMA- a Used to perform a sensitivity analysis of the theoretical model used for predictions of batch emulsion copolymerizations. The sensitivity of homo-monomer saturation concentrations, monomer-to-water ratios, and overall monomer mol fractions are tested. All other parameters as in Table I .
Sty copolymerizations with a monomer-to-water ratio of 0.2 and an overall monomer mol fraction of f,,MMA = 0.5 (SM4 : Tables 11 and 111 ). All possible deviations in model predictions resulting from the use of other model parameters were compared with this standard recipe. The deviating model parameters are shown in Tables I1 and 111 . Deviations in changing homo-monomer saturation concentrations are expected to depend on the monomer-to-water ratio. For this reason, the following sections present the effects of deviations in model parameters on the mol fraction of MMA in the polymer phase, fp,MMA, as a function of changing monomer-to-water ratios ( SM1-SM6).
Homo-Monomer Saturation Concentrations
The effects of deviations up to 10% in homo-monomer saturation concentrations in both the aqueous Used to perform a sensitivity analysis of the theoretical model. The sensitivity of reactivity ratios (FMMA and rsty) and monomer and polymer densities (SM13-SM18) are tested. All other parameters as in Table I. phase (water solubility) and the polymer phase ( swellability ) were investigated by comparing model predictions with deviation model parameters with the standard prediction (SM4). For this purpose the water solubility value of both monomers was varied separately and also simultaneously. Simultaneously varied water solubilities resulted in the strongest deviations in model predictions of composition drift and/ or absolute monomer concentrations. The simultaneously varied model parameters leading to the largest deviations are depicted in Table I1 (SM7 and SM8). A similar approach was adopted for deviations in the maximum swellabilities of monomer in the polymer phase (Table 11: SM9 and SM10). The predictions of the monomer rnol fraction in the polymer phase as a function of conversion do not noticeably depend on the 10% deviation in homo-monomer saturation concentrations in both the polymer and the aqueous phase (all predicted curves coincide; SM4, SM7, SM8, SM9, and SM10). The effects of changing homo-monomer saturation concentrations (both aqueous and polymer particle phase) on the absolute monomer concentrations in the polymer phase can be seen in Figure 1. 
Water Solubility
The negligible effect of changing water solubility values on the predictions of monomer mol fractions and total monomer concentration in the polymer phase as a function of conversion (Fig. 1 ) is a result of the negligible amount of monomer located in the aqueous phase ( 6 g) as compared with the total monomer amount (200 g) . Increasing the water sol- Conversion Figure 1 . The absolute monomer concentration in the polymer phase is depicted as a function of conversion for model predictions in which the water solubility and the maximum swellability was changed (SM4 and SM7-SM10: the model parameters can be seen in Table 11 ).
ubility value of the more water soluble monomer will lead to an increase of the total amount of monomer dissolved in the aqueous phase. However, the maximum experimental difference of 10% will not make the amount of monomer located in the aqueous phase significant as compared with the total amount of monomer present in the predicted reaction.
Swellability
The effects of varying swellabilities on model predictions of composition drift and absolute monomer concentrations in the polymer phase ( Fig. 1 ) can be described by dividing the model prediction into a saturated interval I1 region and an unsaturated interval I11 region. Since the monomer mol fraction in the polymer particle phase equals the monomer mol fraction in the monomer droplet p h a~e ,~'~ changing swellability values will only affect the total monomer concentration in the polymer phase and the amount of monomer droplet phase at saturation swelling. This results in monomer mol fractions in the polymer phase totally independent of the swellability values of both monomers in the polymer phase at saturation ~w e l l i n g .~,~~ In other words, at saturation swelling composition drift is not at all influenced by maximum swellability values. At partial swelling it has been shown that monomer partitioning between the polymer particle and aqueous phase depends only on the maximum swellability of the monomers in the polymer Different maximum swellabilities will affect the curvature of the relationship between the degree of saturation of the aqueous and polymer phases. In Figure  2 , the relation between the degree of saturation in the aqueous and polymer phases is presented for several maximum swellability values, illustrating that even the largest deviations in maximum swellability have only a small effect on the curvature of the line. Furthermore, the different curvature can lead to deviating monomer mol fractions only if the amount of monomer in the aqueous phase cannot be neglected as compared with the total monomer amount. For MMA-Sty predictions with monomerto-water ratios of M/W = 0.2, the amount of monomer in the aqueous phase is negligible as compared with the total amount of monomer ( 6 g to 200 g) .
From this it can also be concluded that at partial swelling the maximum swellability of monomer in the polymer phase has a negligible effect on composition drift.
From Figure 1 it can be seen that the maximum swellability of monomers in the polymer phase will affect the absolute monomer concentration in the polymer particle phase at saturation swelling. Although the absolute monomer concentrations are quantities that are not important for composition drift (only the mol fraction in the polymer is relevant), it is an important parameter affecting polymerization rates at saturation swelling. As can be seen in Figure 1 , the disappearance of droplets at the end of interval I1 is affected strongly by the maximum swellability. At partial swelling, the monomer concentration in the polymer particle decreases with conversion in an approximately linear manner. At partial swelling the use of different swellability values does not lead to considerable differences between the absolute monomer concentrations in the polymer phase as a function of conversion, i.e., at partial swelling the maximum swellabilities are no longer of importance to the polymerization rate. It should be noted that the deviations in monomer mol fraction and absolute monomer concentrations in the polymer phase depend on the monomer-towater ratio and on the water solubility of the selected monomer combination. In case the amount of monomer in the aqueous phase is not negligible as compared with the total amount of monomer, the monomer mol fraction in the polymer phase will deviate more from the standard prediction. This implies directly that, for monomer combinations with lower water solubility values than MMA (< 0.12 mol/L) , the effect of water solubility on composition drift can be neglected. Furthermore, it can be expected that, for monomers with water solubility values higher than MMA, the monomer amount in the aqueous phase may no longer be neglected as compared with the total monomer amount. In these cases the effect of water solubility on composition drift may be significant even at higher monomer-to-water ratios.
For the monomer combination MMA-Sty the deviations in monomer mol fraction and absolute monomer concentrations in the polymer phase as a function of the monomer-to-water ratio are estimated by comparison between predictions with standard model parameters and deviating parameters. From Figure 3 it can be seen that the maximum deviations in predicted monomer mol fraction in the polymer phase are larger at low monomer-to-water ratios. Note that the effect of deviations in the maximum swellability can be neglected even at low monomer-to-water ratios, while the effect of deviations in water solubility can no longer be neglected for monomer-to-water ratios below M / W = 0.02. Comparison of standard model parameters with deviating parameters results in large, significant deviations in the absolute monomer concentrations in the polymer phase at saturation swelling, as can be seen in Figure 4 . Note, however, that these large deviations in monomer concentration in the polymer phase are present only at saturation swelling. At the end of interval 11, these deviations will quickly reduce to negligible effects of maximum swellability values on the maximum concentrations in the polymer phase. The deviations in monomer concentrations in the polymer phase caused by deviating water solubilities increase with decreasing monomer-towater ratios (Fig. 4) . At monomer-to-water ratios lower than M / W = 0.05 these deviations can no longer be neglected.
The most important conclusions that can be drawn from the above discussion about the effect of deviating homo-monomer saturation concentrations on model predictions are:
1. In MMA-Sty copolymerization reactions, the effect of changing water solubilities on the monomer mol fraction in the polymer phase, i.e., on composition drift and copolymer composition distributions, is limited to low monomer-to-water ratios ( M / W < 0.02), since in these cases the amount of monomer located in the aqueous phase no longer can be neglected as compared with the total amount of monomer. 2. Composition drift in copolymerization reactions is virtually independent of the maximum swellability of monomer in polymer for monomer systems in which the monomer mol fractions in the polymer and monomer droplet phase at saturation swelling are equal. 3. In MMA-Sty copolymerizations, the effect of deviations in water solubility on the absolute monomer concentrations is limited to low monomer-to-water ratios ( M / W < 0.05).
4.
The maximum swellability will have a large effect on the absolute monomer concentrations in the polymer phase.
The most important aim of the model described by Noel et al.' is the prediction of composition drift occurring in batch emulsion copolymerization reactions. In this respect, conclusions 3 and 4 are irrelevant since the absolute monomer concentrations will only affect the polymerization rate, leaving composition drift unchanged. phase is depicted as a function of conversion for several reactivity ratios. The model parameters of the reactions representing SM4, SM13, and SM14 can be seen in Table  111 .
Reactivity Ratios
The effect of deviations up to 10% in reactivity ratios on the predicted monomer mol fraction in the polymer phase increases with increasing conversion, as can be seen in Figure 5 . Due to small deviations in consecutive conversion steps (of 1% conversion) taken in the model prediction, accumulation of the deviations occurs leading to the largest deviations at 100% conversion. Note that although larger conversion steps would reduce the accumulation of small deviations, this would make the approximation of constant monomer and copolymer composition during that conversion step dubious. Changes of 10% of only one of the reactivity ratios will already lead to deviations of 5% at 90% conversion and to deviations of 10% at 100% conversion. Deviations in both reactivity ratios may even double the deviations in monomer mol fraction in the polymer phase. The reactivity ratios are, therefore, the most important parameters for model predictions of composition drift. This is in sharp contrast with the negligible effect of deviations in reactivity ratios on the total monomer concentration in the polymer phase ( < 2% ) . This is due to the relatively small difference between the maximum swellability values of MMA and Sty. Performing similar model predictions at different overall monomer mol fractions results in approximately the same deviations in monomer mol fractions and absolute monomer concentrations in the polymer phase, as could be expected since the reactivity ratios are an intrinsic property of the copolymer system.
Monomer and Polymer Densities
Recipe conditions, such as the amount of monomers and the volume of the aqueous phase, are known within small deviations of 1%. A sensitivity analysis shows that both composition drift and absolute monomer concentrations in the polymer phase are not significantly affected by these small deviations.
Other important parameters needed for model predictions are the density values of both monomers and homo-polymers participating in the simulated batch emulsion polymerization. These density values are often known in the literature within a small reliability interval of approximately 1%. A sensitivity analysis of small errors of 1% in both the monomer and polymer densities showed that here also predictions of composition drift and absolute monomer concentrations are within experimental error. For Conversion Figure 6 . The absolute monomer concentration in the polymer phase is depicted as a function of conversion for model predictions performed with deviating monomer and polymer density values. The model parameters of the reactions representing SM4 and SM15-SM18 can be seen in Table 111 .
monomers of which the monomer and polymer densities are not known, a rough estimation (of 10% accuracy) of both values is good enough to obtain correct composition drift predictions. This was concluded from model predictions in which first the monomer and then the polymer densities were changed 10% (Table 111 : SM15-SM18), resulting in almost identical monomer mol fractions as a function of conversion. The effects of changing monomer and polymer densities on the absolute monomer concentrations in the polymer phase can be observed in Figure 6 , indicating that the predicted end of interval I1 is influenced by the monomer and polymer densities. The maximum deviations in the absolute monomer concentrations in the polymer phase resulting from different monomer and polymer density values are approximately 6% (at ca. 40% conversion) and 8% (at 100% conversion) for deviating monomer and polymer densities, respectively.
CONCLUSIONS
From the sensitivity analysis it can be concluded that predicted composition drift occurring in batch emulsion copolymerizations strongly depends on the reactivity ratios. Due to accumulation of small deviations in consecutive conversion steps, the final deviation at high conversion ( > 90% ) can no longer be neglected. The effect of water solubility on composition drift is significant only when the amount of monomer dissolved in the aqueous phase cannot be neglected as compared with the total monomer amount. For the monomer combination MMA-Sty, this effect becomes important at low monomer-towater ratios (< 0.02) only. For monomer combinations with lower water solubility values as compared with MMA (< 0.12 mol/L) this effect of water solubility on composition drift can be neglected, whereas this effect may be significant even at higher monomer-to-water ratios for monomers with higher water solubility values. The effects on composition drift of maximum swellability values and monomer and polymer densities can be neglected.
